Abstract Purpose: The main procedure to confirm a suspected diagnosis of prostate cancer is histologic analysis of ultrasound-guided sextant prostate biopsies. As it is difficult to reliably assess tumor stage and grade in such minute samples, the clinical significance of some tumor foci remains unclear. Genetic markers that could augment pretreatment prognostic information would improve the clinical management of the disease. Experimental Design: We have analyzed by comparative genomic hybridization a consecutive series of prostate needle biopsies obtained prospectively from 100 prostate cancer suspects. For 25 of these patients, a second independent biopsy core was analyzed to assess possible tumor heterogeneity. Additionally, a three-color fluorescent in situ hybridization assay was done in paraffin-embedded biopsy cores to validate the comparative genomic hybridization findings and to confirm their prognostic value. Results: Sixty-one of 100 biopsy samples had morphologic evidence of prostate cancer and 41 (67%) of these displayed genomic copy number changes as opposed to none of the morphologically normal biopsies. The presence of losses, amplifications, and the total number of genomic imbalances were significantly associated with poorly differentiated tumors. Kaplan-Meier curves with log-rank test showed that patients whose tumors displayed 8q gains had a significantly worse survival even when tumor grade was taken into account (P = 0.008). Restricting the analysis to cases with Gleason score 7, the most troublesome category in terms of prognostic information, gains at 8q were still significantly associated with poor survival (P = 0.011), something that was confirmed by fluorescent in situ hybridization in an independent series of biopsies with much longer follow-up time (P = 0.023). Conclusions: We show that whole genomic information can be obtained from minute needle biopsies of prostate cancer suspects and that genetic data can provide additional prognostic information before a therapeutic decision is taken.
Confirmation of a suspected diagnosis of prostate cancer is usually obtained by histologic analysis of ultrasound-guided sextant biopsies of the prostate (1, 2) . Morphologic assessment of tumor grade and extent in these minute samples suffers from poor reproducibility, which can be partly explained by sample representativeness and the pathologist's experience (3) . Large retrospective studies comparing the findings in matched biopsy and prostatectomy specimens have shown that up to 57% of the tumors are downgraded and f20% are overgraded at biopsy when compared with their prostatectomy counterparts (4 -12) , further indicating that small, well-differentiated tumors are more often misclassified. With the widespread use of prostate-specific antigen (PSA) screening resulting in the detection of an increasing proportion of these low-and intermediate-grade prostate carcinomas, the clinical significance of which is often difficult to ascertain, it is expected that molecular markers with prognostic value in biopsy samples would contribute to better-informed therapeutic decisions for this clinically heterogeneous disease.
Most of the genetic information available on prostate cancer was obtained through the analysis of prostatectomy samples, resulting in a bias toward lower-staged cancers for which this therapeutic option is usually offered (13 -16) . Patients presenting extraprostatic disease are not eligible for surgical treatment; thus, genetic knowledge on this aggressive subtype of prostate cancer is more limited (17 -20) . Some investigators have tried to obtain biological information on prostate cancer by assessing diagnostic needle biopsies using DNA ploidy analysis (21, 22) , fluorescent in situ hybridization (FISH) with selected centromeric (23 -26) and/or locus-specific (27, 28) probes, and, more recently, methylation analysis and expression studies of candidate genes (29 -32) . However, most groups used retrospectively selected, paraffin-embedded biopsy cores, thus facing inherent technical and methodologic limitations. In the particular case of FISH analysis, it is difficult to reliably assess losses of genetic material, the most common type of genetic change in We have recently shown that it is possible to obtain whole genome information on fresh-frozen needle biopsies from prostate cancer patients (33) . Following up on that pilot study, we now address the potential prognostic effect of genomic imbalances in a prospective series of sextant biopsies obtained from 100 prostate cancer suspects being consecutively evaluated at our institution. The comparative genomic hybridization (CGH) technology and our study design ensure unbiased genetic information from a series of samples expected to represent all stages of prostate cancer progression as well as nonmalignant disease. Additionally, a second biopsy core was analyzed for a subgroup of the patients to assess possible tumor heterogeneity.
Materials and Methods
Biopsy specimens. One hundred individuals referred to our institution due to elevated PSA levels were enrolled in this study after informed consent. They followed the standard clinical evaluation procedures in use at the Portuguese Oncology Institute (Porto, Portugal) and were subsequently submitted to ultrasound-guided sextant prostate biopsies. In addition to the standard six cores obtained by this method, two supplementary tissue samples (paired with two of the former group) were collected from the more suspicious areas and frozen at À80jC to be used for research purposes alone. The diagnostic cores were formalin-fixed and paraffinembedded for standard histopathologic analysis, and tumor grade was determined according to Gleason score (34) . The percentage of cores with evidence of cancer, age, PSA levels, and pretreatment clinical stage were registered for each patient. Whenever prostate carcinoma was diagnosed, patients followed the corresponding staging and treatment procedures, which comprised radical prostatectomy, radiotherapy, or androgen deprivation therapy. Only the frozen cores were used for genomic analysis. Five-micron sections of these samples were cut, stained, and evaluated by a pathologist to assess the presence and proportion of neoplastic tissue, after which the whole core was sectioned and processed for DNA extraction. Initially, only one randomly selected research core per patient was assessed for DNA copy number changes. Afterward, the second biopsy core with morphologic evidence of tumor was analyzed in 25 of the patients to assess tumor heterogeneity (these additional cores were collected from opposite prostatic peripheral lobes).
Validation of copy number changes was done by FISH in paraffinembedded diagnostic cores from eight patients analyzed by CGH. Furthermore, an independent series of 60 selected paraffin-embedded biopsy samples from prostate cancer patients diagnosed at our institution from June 1997 to June 1998 was used to confirm the prognostic significance of the CGH findings. All retrospective sample blocks were reevaluated by the same expert pathologist to assess the presence and grade of each tumor, after which all cases with Gleason score 7 (n = 24) were processed for interphase FISH analysis.
Treatment and follow-up data were obtained from the medical records. This study was approved by the institutional review board.
Comparative genomic hybridization. CGH analysis followed the procedure of Kallioniemi et al. (35) , with modifications described previously (33, 36) . Briefly, test (biopsy samples) and reference (peripheral blood lymphocytes from a male donor) DNA was extracted using standard methods and labeled in nick translation reactions using SpectrumGreen-and SpectrumRed-conjugated nucleotides (Vysis, Downers Grove, IL), after which probe lengths between 300 and 2,000 bp were obtained. Labeled tumor and reference DNA (1 Ag each) were mixed with 30 Ag unlabeled Cot-1 DNA (Life Technologies, Rockville, MD), ethanol precipitated, dried, and dissolved in hybridization buffer (Vysis). The probe mixture was denatured and hybridized to commercially available, normal metaphase slides (Vysis) for 2 to 3 days at 37jC in a moist chamber. After washing off excess probe, samples were counterstained with 4 ¶,6-diamidino-2-phenylindole in an antifade solution (Vector Laboratories, Burlingame, CA). Single-color images corresponding to 4 ¶,6-diamidino-2-phenylindole, green, and red fluorochrome hybridization signals were sequentially captured with a Cohu 4900 CCD camera using an automated filter wheel coupled to a Zeiss Axioplan fluorescence microscope (Zeiss, Oberkochen, Germany) and a CytoVision system version 2.7 (Applied Imaging, Santa Clara, CA). Ten high-quality metaphase spreads were selected for analysis in each case. Chromosomes were identified based on their inverted 4 ¶,6-diamidino-2-phenylindole appearance and the relative signal intensity was determined along each chromosome. Data from the 10 cells were combined to generate average ratio profiles with 99% confidence intervals for each sample. We have recently adopted the use of dynamic standard reference intervals (37) for the scoring of all our CGH experiments. Our current dynamic standard reference interval was generated based on data from 10 normal versus normal hybridizations (totaling 110 cells). This interval was automatically scaled onto each sample and aberrations were scored whenever the case profile and the standard reference profile at 99% confidence did not overlap. For the scoring of amplifications, the threshold of 1.5 was chosen to account for the possible contamination with normal cells. Description of the CGH copy number changes followed the guidelines suggested in the International System for Human Cytogenetic Nomenclature (38) .
Fluorescent in situ hybridization. Four-micron-thick sections were cut from a representative paraffin-embedded block off each patient onto SuperFrost Plus adhesion slides (Menzel-Glaser, Braunschweig, Germany). Sample processing, hybridization, and analysis were done according to standard protocols. Briefly, slides were deparaffinized in two series of xylol followed by two series of ethanol (5 minutes each), rinsed in 2Â SSC, and placed in a solution of 1 mol/L sodium sulfocyanate at 80jC for 10 minutes (Merck, Darmstadt, Germany). The tissue was then digested with 6 mg/mL pepsin (Sigma-Aldrich, Steinheim, Germany) for 22 minutes at 37jC, after which slides were rinsed in 2Â SSC and dehydrated in a series of ethanol. A dual-color probe flanking the MYC gene at 8q24 labeled with SpectrumGreen and SpectrumOrange and a centromeric probe for chromosome 18 labeled with SpectrumAqua (Vysis) were used for each sample. Slides were then placed in a Hybrite denaturation/hybridization system (Vysis) and codenatured at 80jC for 7 minutes. Hybridization took place for 18 hours at 37jC followed by posthybridization washes in 2Â SSC/0.5% Igepal (Sigma-Aldrich) at 73jC for 5 minutes and 2Â SSC/0.1% Igepal at room temperature for 3 minutes. Slides were counterstained with 4 ¶,6-diamidino-2-phenylindole. Fluorescent images corresponding to 4 ¶,6-diamidino-2-phenylindole, SpectrumGreen, SpectrumOrange, and SpectrumAqua were sequentially captured using the same equipment described for CGH analysis. Only intact, nonoverlapping nuclei were scored. An abnormal population was considered representative when at least three nuclei within the same microscope field presented a given aberration and at least 25 nuclei presented that particular aberration in the whole sample. For the purposes on this study, the final ratio between MYC and chromosome 18 centromere signals (MYC/CEP18 ratio) was computed for each sample (whenever several representative populations existed for a given tumor, the highest ratio was used).
Statistical analysis. For statistical purposes, prostate cancer samples were divided into three grade categories (Gleason scores V6, 7, and z8). Variables, such as age, presence or absence of genomic imbalances, and frequency of genomic changes detected in >10% of the cases, were tested for associations with histopathologic data. The m 2 test, m 2 test for trend, and Fisher exact test were applied according to the categorization of the variables. Kruskal-Wallis nonparametric test was used to assess the relationship of PSA levels, percentage of positive biopsy cores, and total number of genomic imbalances with tumor grade and clinical stage. A multivariate logistic regression (forward conditional setting) was done to evaluate the relative contribution of genetic and clinical variables to the prediction of follow-up status. Chromosomal aberrations seen in >10% of the cases, presence or absence of genomic imbalances, degree of genetic complexity, Gleason score, and clinical stage were entered in this model. Variables found to contribute significantly to the correct assessment of follow-up status were further tested for prognostic significance by constructing survival curves using the Kaplan-Meier method with log-rank test. P < 0.05 (two-sided) was considered to indicate statistical significance. All analyses were done using SPSS version 11.0 (SPSS, Chicago, IL). Unsupervised hierarchical clustering of the biopsy pairs based on the pattern of genomic alterations was done in J-Express Pro 2.5 (39) using average-linkage method with Pearson's correlation similarity measure.
Results
Histopathologic data. Carcinoma was detected on routine biopsy cores in 72 of the 100 individuals studied (Gleason score V6, 26 patients; Gleason score 7, 34 patients; Gleason score z8, 12 patients). Sixty-one of the 72 patients diagnosed with cancer displayed morphologic evidence of carcinoma in the research cores. The median diagnostic PSA (ng/mL) in samples with no evidence of tumor was 9.27 (range, 5.5-29. There was a significant increase in the percentage of affected cores across the different Gleason categories (50%, 83%, and 100%; P < 0.001). Gleason grade was significantly associated with diagnostic clinical stage (P = 0.002). There were no significant differences between the clinical characteristics of the prospective and retrospective series of biopsies assessed in this study (i.e., in terms of age, PSA Research. Fig. 1 ). Overall, losses were seen in 38 (62%) tumors, whereas gains were seen in 27 (44%) cases and amplifications in 9 (16%) cases. Among the abnormal cases, the average number of genomic imbalances was 4.6, with losses (2.7) being more common than gains (1.9). Recurrent copy number losses were found at 8p (73% of the abnormal cases; Fig. 2A ), 13q (32%), 6q (27%), 16q (27%), 5q (24%), 10q (15%), 17q (12%), and 18q (10%), whereas recurrent copy number gains were seen at 8q (39%; Fig. 2B ), 7q (24%), 3q (22%), 7p (15%), 1q (15%), and 5p (12%). Amplifications were detected at 8q (6 cases; minimal region of overlap was 8q22q23), 8p11p12 (2 cases), and Xp22, 3q26, 4q21q22, 6q23q25, 7q11q22, 10q21, and 17p11p12 (1 case each; Fig. 2B and C) . No DNA copy number aberrations were found in the 39 research cores without morphologic evidence of carcinoma. Genomic data from the 25 paired biopsy samples analyzed to assess tumor heterogeneity are shown in Table 1 . For the 12 pairs of samples with comparable amounts of tumor content, the results show that all pairs with genomic changes shared at least one alteration, but several nonshared aberrations were also found. Overall, from a total of 69 alterations detected in these 12 paired cores, 35 (51%) were shared and 34 (49%) were not (an average of 3 shared and 3 nonshared changes per case). Unsupervised hierarchical clustering of the CGH data was able to correctly pair all but one of the informative pairs of samples (data not shown).
Genetically abnormal cell populations were detected in 20 of the 24 (83%) Gleason score 7 biopsies analyzed by FISH. A MYC/CEP18 ratio z1.5 was detected in 16 (67%) cases. FISH analyses of all 8 samples selected from the prospective series for validation of CGH findings showed concordant results for chromosomes 8 and 18 ( Fig. 2B and D) .
Correlations with clinical stage and tumor grade. A significant increase in the frequency of genomic aberrations was detected from well to poorly differentiated carcinomas (P = 0.02; Table 2 ). The increase in the number of losses was the main contributor to this association (P = 0.0004), but the number of gains also increased throughout the Gleason categories (P = 0.038). Amplifications were detected solely on samples with individual Gleason pattern 4 or 5 (P = 0.034) and the number of copy number losses was also associated with these histologic patterns (P = 0.018). The proportion of cases with DNA copy number changes, as well as the total number of aberrations, was significantly higher in samples with advanced clinical stage (P = 0.046 and 0.017, respectively). None of the specific genomic imbalances present in >10% of the cases was significantly correlated with tumor grade or clinical stage.
Survival data. Follow-up data of our prospective series are limited to an average of 35 months per patient (range, 22-52 months). Nine of the 72 patients with cancer have died and 3 others displayed clinical recurrences during this period. Binomial logistic regression showed that gain at 8q was the best predictor of poor prognosis (P < 0.001), as patients whose tumors displayed this alteration were 9.4 times more likely to have an adverse outcome (50% prediction accuracy regarding deceased patients, 75% overall). Genetic complexity, defined as tumors with more than two genomic imbalances, was also able to predict 62% of the deceased cases when tested alone (65% overall accuracy; P = 0.008), as patients with genetically complex tumors were four times more likely to have died from the disease than those with genetically less complex tumors. Survival analysis using the genetic variables highlighted by the regression model further showed that patients whose tumors displayed gain at 8q presented a significantly worse prognosis (P = 0.008; Fig. 3A ) even when tumor grade and clinical stage were taken into account. In fact, when we considered only cases with Gleason score 7, the most troublesome category in terms of prognostic information, 8q gains were still significantly associated with poor survival (P = 0.011; Fig. 3B ).
The independent prognostic value of 8q gain was confirmed by the FISH findings in the retrospective series of biopsy cores from patients with Gleason score 7, as those whose tumors displayed a MYC/CEP18 ratio z1.5 presented a significantly worse prostate cancer survival (P = 0.023; Fig. 3C ). Interestingly, Table 2 . Genomic data and clinicopathologic associations in the 61 research biopsies with evidence of carcinoma collected from 100 prostate cancer suspects 
Discussion
We have recently shown that it is possible to consistently obtain whole genome information from prostate cancer sampled with ultrasound-guided sextant needle biopsies and that the genetic profile thus generated is consistent with the data available in the literature on prostatectomy samples (33) . To evaluate the possible clinical application of this approach, we have studied a larger series of prospectively collected biopsies that better represent the population of prostate cancer suspects (individuals with increased PSA levels) presenting with and without malignant disease. Histopathologic evaluation revealed evidence of prostate carcinoma in a few more cases in the diagnostic than in the research biopsies (72 versus 61 of 100). This is best explained by the fact that six diagnostic versus two research biopsies were analyzed, and there is always a chance that these minute needle cores may miss small tumors. Indeed, all 11 patients without carcinoma in the research cores presented a low-grade cancer detected in <33% of the corresponding diagnostic cores. The representativeness of the individual biopsy cores is also strongly debated today, as tumor grade can be underestimated or overestimated depending on the fragment assessed and the experience of the pathologist (3 -12) . Many supposedly low-grade cancers actually display aggressive features when the prostatectomy specimen is assessed, but as most of these tumors are selected for surgical removal the effect on the patient may be reduced. On the other hand, up to 20% of the carcinomas are actually overgraded on biopsy and it could well be that at least some of these patients would benefit more from a ''watchful waiting'' approach than from an aggressive surgical treatment with known adverse side effects (40) . Even with the aforementioned limitations in the histopathologic analysis of these minute samples, ultrasoundguided sextant biopsy remains the standard procedure to diagnose and grade prostate cancer. A more objective biomarker that could enhance its performance could markedly improve the clinical management of this disease.
Using CGH, we detected DNA copy number changes in more than two thirds of the biopsy cores with morphologic evidence of carcinoma and none in the biopsies without cancer. The overall profile of genomic alterations does not significantly differ from the literature data on prostate cancer with regard to the type of alterations (36) . Nevertheless, we detected a higher frequency of gains compared with that found in organ-confined prostate cancers, which are normally better differentiated and genetically less complex. We found four novel prostate cancer amplicons at 6q23q25 and 7q11q22 (same patient), 10q21, and 17p11p12 as well as the previously reported amplified regions 3q26, 8p11p12, 8q, and Xp22. It is likely that genomic analysis of prostate cancer sampled by consecutive sextant biopsies encompasses a wider biological spectrum than those studies done on prostatectomy specimens alone, which is reflected in the fact that only 12 of 72 patients in our series were eligible for surgical resection of the prostate.
To evaluate the existence of tumor heterogeneity, one additional biopsy was analyzed in 25 of the prostate cancer patients. Only half of these displayed a percentage of tumor content in both biopsies that would allow the findings to be reliably compared. On average, each of these pairs shared three alterations, indicating a common clonal origin of the two samples. Additionally, unsupervised hierarchical clustering based on DNA copy number changes showed that a clonal relationship between the paired tumor samples could be shown in all but one patient. These 12 patients had large, poorly differentiated tumors detected in all diagnostic biopsy cores and most of the nonshared genetic alterations were infrequent in the whole series. These secondary aberrations likely arose by divergent clonal evolution, later during disease progression, and probably do not harbor clinically relevant information. Fig. 3 . Kaplan-Meier survival curves with log-rank tests according to the presence or absence of 8q gain and MYC/CEP18 ratio. A, survival according to 8q status by CGH on all prospective biopsies. B, survival according to 8q status by CGH on patients with Gleason score 7 from the prospective biopsy series. C, survival according to MYC/CEP18 ratios obtained using FISH on the retrospective biopsy series with Gleason score 7.
Our findings show that the total number of aberrations was significantly associated with increasing Gleason score and clinical stage. The previously mentioned difficulties in correctly grading prostate biopsies may account for the observed lack of association between specific genetic changes and tumor grade or clinical stage, as several genomic imbalances have been significantly associated with Gleason score in prostatectomy specimens (36) . However, regression analysis showed that patients whose tumors displayed 8q gains or had more than two genetic copy number changes were more likely to have a poor outcome.
The survival data in our prospective study further strengthen the poor prognostic significance of 8q gains suggested in previous studies using FISH (23, 41) and CGH (13, 20, 42, 43) , although the latter were retrospective and used mostly biochemical progression as the clinical end-point. Even when patients were stratified according to tumor grade or clinical stage, this genetic variable was able to identify patients with a worse outcome (Fig. 3) , particularly within the group of tumors with Gleason score 7.
We confirmed the prognostic significance of 8q gain by FISH analysis in an independent, retrospective series of paraffinembedded biopsies with much longer follow-up. The dualcolor 8q probe we have used flanks the MYC gene (8q24.1) and targets two different regions of 260 and 400 kb separated by 1.72 Mb. This probe is expected to identify most prostate carcinomas with 8q gains and the dual-color labeling facilitates the scoring of copy number changes in archival specimens. To control for the ploidy of each case, we chose a chromosome 18 probe because the centromeric region of this chromosome is rarely affected in prostate cancer as opposed to other commercially available SpectrumAqua probes (chromosomes 8, 10, and 17). Besides confirming the CGH findings in the eight biopsies selected for that purpose, this three-color FISH assay showed in an independent series of Gleason score 7 needle biopsies that patients with tumor populations displaying MYC/CEP18 ratios z1.5 presented a significantly worse survival. Gleason score alone did not correlate with survival data on both the prospective and retrospective series of patients after 3 years of follow-up, something that is in accordance with literature data showing that the prognostic significance of this clinical variable is only evident after 5 years of follow-up time (44) . It is therefore remarkable that 8q gain detected by either CGH or FISH is already significantly associated with death from disease after an average 35 months of follow-up, being particularly relevant for the large group of clinically localized prostate carcinomas with Gleason score 7, whose clinical behavior has been difficult to predict (45) .
In summary, we show that relevant whole genome information can be obtained from prostate needle biopsies collected from prostate cancer suspects before any therapeutic action is taken. Whereas genetic complexity of cancer cells was significantly correlated with increasing tumor grade, survival analysis showed that 8q gain was the best indicator of poor prognosis even when Gleason score and clinical stage were taken into account. The use of tumor genetic information as an ancillary tool to histopathologic analysis of sextant biopsies may thus improve the clinical management of prostate cancer patients.
